Background-In vitro experiments demonstrate that adiponectin, a cardioprotective cytokine, is inhibited by tumor necrosis factor-alpha (TNF ). However, the role of TNF in post-myocardial infarction (post-MI) adiponectin reduction remains unclear. More importantly, the TNF receptor type (TNFR1 or TNFR2) responsible for TNF -mediated suppression of adiponectin production is unknown. The current study determined the role of TNF in post-myocardial infarction (post-MI) adiponectin reduction, and identified the receptor type responsible for TNF -mediated suppression of adiponectin production.
Introduction
Cardiac disease remains a leading cause of mortality worldwide. Although improved reperfusion strategies have led to declined death rates after acute myocardial infarction (MI), both incidence and prevalence of post-MI heart failure have continually increased in recent years (1) . Defining the molecular mechanisms underlying the transition from adaptive to maladaptive remodeling in the post-MI heart, and identifying novel therapeutic strategies blocking/reversing this transition, are therefore in great need.
Adiponectin is a protein cytokine secreted from adipocytes with 3 major recognized biologic functions, including an insulin sensitization/metabolic regulatory function, an antiinflammatory/vascular protective function, and an anti-oxidative /cardioprotective function (2) (3) (4) . Numerous epidemiological studies have correlated decreased adiponectin levels with increased cardiovascular disease risk in obesity and diabetes (5) (6) (7) . Moreover, several recent studies confirm plasma adiponectin is significantly reduced following acute MI, and such adiponectin deficiency is predictive of future adverse cardiac events (8) and associated with increased oxidative stress and inferior cardiac function recovery (9) . However, the molecular mechanisms responsible for post-MI adiponectin reduction remain unidentified, and therapeutic targets against MI suppression of adiponectin are currently lacking.
TNF is a well-recognized pro-oxidative cytokine belonging to the same structural family (C1q/TNF superfamily) as adiponectin. Despite their conformational similarities, these two cytokines exert opposite biological effects, and reciprocally regulate each other's expression and production. Early studies demonstrate that TNF levels are significantly increased in adiponectin knockout mice (10) . Recent studies further establish adiponectin inhibits TNFproduction via multiple mechanisms, including inhibiting NF -B (nuclear factor kappalight-chain-enhancer of activated B cells, a protein complex involved with inflammation and infection) activation, promoting anti-oxidative cytokine production, and activating the cyclooxygenase-2/prostaglandin E2 pathway (11;12) . Conversely, TNF markedly inhibits adiponectin mRNA expression (13) , increased plasma TNF is associated with low plasma adiponectin levels (14) , and anti-TNF treatment increases plasma adiponectin (15) . However, heretofore, definitive evidence demonstrating TNF overproduction is causatively related to adiponectin deficiency under pathological conditions (such as diabetes and MI) remains lacking. Moreover, increasing evidence suggests that TNF causes distinctive, or even opposite, effects via activation of its two receptors (TNFR1 and TNFR2) in many biological systems (16) . However, the TNF receptor subtype whose activation is responsible for TNF -mediated suppression of adiponectin expression/production has not been investigated. Such identification will advance our knowledge of adiponectin regulation in pathologic states, and may reveal novel therapeutic strategies combating MI injury and post-MI remodeling.
Therefore, the aims of the present study were to determine whether TNF overproduction after MI is causatively related to adiponectin suppression, and if so, to identify the TNF receptor subtype responsible for TNF -mediated suppression of adiponectin expression/ production.
Materials and Methods

Animals
Wild type (WT, C57BL/6), TNF gene knockout (TNF −/− ), TNF receptor 1 knockout (TNFR1 −/− ), and TNF receptor 2 knockout (TNFR2 −/− ) mice were purchased from Jackson Laboratory (Bar Harbor, ME). Mice were confirmed by specific primer genotyping. All experiments were performed in adherence with the National Institutes of Health Guidelines on the Use of Laboratory Animals and were approved by the Thomas Jefferson University Committee on Animal Care.
Experimental Protocols
Male adult mice were anesthetized with 2% isoflurane, and myocardial infarction (MI) was produced by temporarily exteriorizing the heart via left thoracic incision, and placing a 6-0 silk suture slipknot around the left anterior descending coronary artery (17) . Sham-operated control mice (sham MI) underwent the same surgical procedures except that the suture placed under the left coronary artery was not tied. 4 animals (1 WT, 1 TNF −/− , 2 TNFR2 −/− ) died within 3 days after MI, and these animals were excluded from data analysis. After 3 days of MI or sham MI, 6 animals in each group were sacrificed (3 days post-MI). Blood was drawn for ELISA determination of TNF-and adiponectin, with epididymal fat pad removal for determination of adipose tissue adiponectin mRNA expression. All remaining animals were observed for an additional 4 days. 7 days after MI, all animals were sacrificed. Plasma TNF and adiponectin levels, and adipocyte adiponectin mRNA expression were determined as described below.
Determination of Plasma TNF-α and Adiponectin Concentrations
Plasma TNF-concentration was determined via mouse TNF-ELISA kit (BioLegend, San Diego, CA) per manufacturer's instructions. Total plasma adiponectin level was determined via ELISA (Enzyme Linked Immunosorbent Assay) kit (ALPCO Diagnostics, Salem, NH) per manufacturer's instructions.
Quantitative PCR (Polymerase Chain Reaction) Analysis of Adiponectin Expression in Mouse Adipose Tissues
Total RNA was isolated from epididymal adipose tissue via RNeasy Lipid Tissue Midi Kit (Qiagen, Valencia, CA, USA). Standard PCR protocol was utilized with Applied Biosystems Prism 7900 Sequence Detection System. cDNA from WT mice epididymal fat pad were synthesized from 2 g of total RNA and 200 ng of Oilgo dT primer utilizing the Superscript III RNase H-Reverse Transcriptase protocol (Invitrogen, Carlsbad, CA, USA). For quantitative PCR, samples were analyzed in triplicate in 15 l reaction volumes (10 ng of cDNA, 450 nmol of primer, 7.5 l of Master Mix and water) per standard protocol provided by SyBR® Green PCR Master Mix (Applied Biosystems).
Statistical Analysis
All values in the text and figures are presented as means±SEM of n independent experiments. Data (except Western blot density) were subjected to one or two-way (where appropriate) ANOVA (Analysis of Variance) followed by Bonferoni correction for post-hoc test. Western blot densities were analyzed with the Kruskal-Wallis test followed by Dunn's post-hoc test. Probabilities of 0.05 or less were considered statistically significant.
Results
Negative Correlation between Plasma TNFα and Adiponectin Levels in MI Mice
Plasma TNF levels were significantly elevated 3 days post-MI (1.97-fold, **P<0.01), and remained significantly greater than control 7 days post-MI (*P<0.05, Figure 1A ). Conversely, approximately 50% reduction in adipocyte adiponectin mRNA expression ( Figure 1B ) and plasma adiponectin levels ( Figure 1C ) was observed day 3 post-MI (**P<0.01). Both adipocyte adiponectin expression and plasma adiponectin levels partially recovered day 7 post-MI, but remained significantly less than control (*P<0.05). Most importantly, a strong negative correlation (P<0.01) between plasma TNF and adiponectin was observed in MI animals ( Figure 1D ), suggesting a relationship between increased plasma TNF and reduced adiponectin following MI.
TNFα Gene Deletion Partially Restored Adipocyte Adiponectin mRNA Expression and Plasma Adiponectin Levels
Considerable in vitro evidence exists that TNF inhibits adiponectin expression and production at both the transcriptional and post-transcriptional levels. To definitively determine the cause-effect relationship between increased TNF and reduced plasma adiponectin following MI, TNF knockout (TNF −/− ) mice were subjected to MI, and adiponectin expression/production was determined. Under basal control conditions, adipocyte adiponectin mRNA expression ( Figure 2A ) and plasma adiponectin concentration ( Figure 2B ) in TNF −/− mice was slightly greater than WT (not statistically significant). However, 3 days post-MI, adipocyte adiponectin mRNA ( Figure 2A ) and plasma adiponectin ( Figure 2B ) levels were significantly greater in TNF −/− mice than WT ( $$ P<0.01), demonstrating that TNF overproduction following MI contributes to adiponectin inhibition during this pathologic condition. The protective effect of TNF deletion against post-MI adiponectin reduction is partial, as adiponectin expression/ production remained significantly decreased 3 days post-MI compared to respective control (**P<0.01). Surprisingly, a time-dependent improvement in adipocyte adiponectin mRNA expression and plasma adiponectin levels (7 days post-MI) observed in WT mice was not observed in TNF −/− mice. No significant difference in adiponectin expression/production between WT and TNF −/− mice 7 days post-MI was observed (Figure 2 ).
TNFR1 and TNFR2 Gene Knockout had Opposite Effect upon Adiponectin Expression/ Production in MI Mice
Several possibilities exist explaining the partial rescuing effect of TNF deletion upon adiponectin expression/production following MI. One possibility involves cytokines in addition to TNF suppressing adiponectin expression/production post-MI. Another possibility is that TNF may elicit different or opposite effects upon adiponectin expression/ production via two different receptor activations (as previously demonstrated in other biological systems), with the net effect observed in the TNF −/− state. To directly investigate such possibilities, TNFR1 and TNFR2 gene deleted animals were subjected to MI, with determination of consequent adiponectin expression/production. Under basal control conditions, no significant difference in plasma TNF concentration was observed between groups, and TNFR1 deletion had no significant effect upon post-MI TNF overproduction. However, in TNFR2 −/− mice, plasma TNF level was greater than the two other groups 3 days post-MI ( $ P<0.05). At day 7 post-MI, plasma TNF remained significantly elevated in TNFR2 −/− animals compared to respective basal controls (*P<0.05), whereas a return to basal levels was observed in the two other groups ( Figure  3A ).
Most importantly, deletion of the TNF receptor subtypes yielded distinct, even opposite, effects upon adiponectin expression/production. Specifically, TNFR1 deletion significantly increased adipocyte adiponectin mRNA expression and plasma adiponectin levels before MI ( $ P<0.05), whereas TNFR2 deletion had no significant effect upon adiponectin expression/ production during basal control conditions ( Figure 3B, 4A) . Strikingly, compared to WT, adipocyte adiponectin mRNA expression and plasma adiponectin levels were significantly greater ( $$ P<0.01) in TNFR1 −/− mice at days 3 and 7 post-MI. In contrast, both adiponectin expression and adiponectin concentration further decreased ( $ P<0.05) in TNFR2 −/− mice at both days 3 and 7 post-MI ( Figure 3B, 4A) . These results cannot be attributed to restricted expression of TNFR2 as reported for immune systems (18) , because many investigators have reported abundant expression of both TNFR1 and TNFR2 in adipocytes (19) (20) (21) .
Administration of TNFα Suppressed Adiponectin Production in WT mice, and TNFR1/ TNFR2 Knockout Had Opposite Effects upon TNFα Regulation of Adiponectin Production
The results presented above strongly suggest that excess TNF produced after MI may differentially regulate adiponectin expression/production via TNFR1/TNFR2 activation. To obtain more direct evidence supporting this notion, recombinant TNF was administered via intraperitoneal infusion to WT, TNFR1 −/− , and TNFR2 −/− mice. To mimic the MI condition, a pilot experiment was performed, and plasma TNF profile was determined after TNF administration in different doses. Based upon pilot study data, a TNF dose 40 ng/g was selected because it increased plasma TNF in WT, TNFR1 −/− , and TNFR2 −/− mice (no difference between groups) to a level seen in WT mice at day 3 post-MI (data not shown). Significantly reduced plasma adiponectin levels were observed in WT mice 3 days after TNF administration (**P<0.01, Figure 4B ). Most interestingly, plasma adiponectin was significantly increased, not decreased, in TNFR1 −/− mice 3 days after TNF administration (*P<0.05). A very significant difference ( $$ P<0.01) in plasma APN was observed between WT and TNFR1 −/− mice ( Figure 4B ). TNF had a markedly stronger inhibitory effect upon adiponectin production in TNFR2 −/− mice. 3 days after TNF administration, plasma APN levels were significantly lower ( $ P<0.05) in TNFR2 −/− mice than WT mice ( Figure 4B ). 7 days after TNF administration, plasma APN returned to control levels in all 3 groups.
Opposing Effect of TNFR1 and TNFR2 on TNF-initiated ATF3 Expression
In a final attempt to determine the intracellular signaling mechanisms responsible for differential regulation of adiponectin by TNFR1 and TNFR2, multiple molecules currently known to regulate adiponectin expression were screened. Among 7 transcriptional factors investigated, ATF3 (Activating transcription factor 3), a transcriptional factor known to significantly inhibit adiponectin expression (22) , was identified as a molecule whose expression was differentially regulated by TNFR1 and TNFR2 activation. The mRNA levels of ATF3 were significantly upregulated 1 day after TNF administration, and remained elevated throughout the 3-day observation period (Figure 5A ). No significant difference in ATF3 mRNA level or protein level was observed between WT and TNFR knockout mice before TNF challenge ( Figure 5B and 5C, vehicle group). However, the opposing effect of TNF -induced ATF3 expression was observed in TNFR1 and TNFR2 knockout adipose tissue. Specifically, TNFR1 knockout significantly inhibited, whereas TNFR2 knockout further enhanced, TNF -induced ATF3 mRNA ( Figure 5B ) and protein ( Figure 5C ) expression.
Discussion
We made several important observations in the present study. Although strong evidence exists that TNF inhibits adiponectin production in cultured cells, and clinical observations demonstrate plasma adiponectin is negatively associated with plasma TNF in MI patients, definitive evidence validating TNF overproduction is causatively related to reduced plasma adiponectin post-MI is lacking. Utilizing a TNF knockout mouse model, we have obtained definitive evidence demonstrating TNF overproduction contributes to post-MI hypoadiponectinemia. However, we report the inhibitory effect of MI (simulated via a pathologically relevant model) upon adiponectin expression/production to be less than observed in various in vitro cell culture studies (91-97% reduction in APN mRNA expression after 1-3 days of TNF incubation) (13) . Because TNF-inhibits the expression and secretion of adiponectin in dose-dependent manner (23) , this discrepancy is most likely due to the different TNF levels investigated. In most in vitro cell culture studies, high TNF concentrations (in the ng/ml range) were typically utilized, with nearly complete adiponectin expression inhibition observed. Although MI induced a very significant increase in plasma TNF compared to control, the maximal plasma TNF level in MI animals remained in the pg/ml range (approximately 80-100 pg/ml). In the current study, we demonstrated recombinant TNF , administered at a dose eliciting pathologically relevant plasma TNF elevation, inhibited adiponectin expression/production to a comparable extent caused by MI (at day 3).
Emerging evidence indicates that activation of TNFR2 by TNF exerts opposite biologic effects as activation of TNFR1. For example, TNFR1 −/− reduces apoptosis, attenuates hypertrophy, improves contractile function, promotes angiogenesis, and improves survival (24) (25) (26) (27) . In contrast, TNFR2 −/− further exaggerates MI injury (24;26-28) . More recent studies demonstrate the opposite effects of TNFR1/TNFR2 activation upon MI injury are due to opposing regulatory effects upon NF-B. Specifically, TNFR1 deletion diminishes MI-induced NF-B activation, whereas TNFR2 deletion further augments MIinduced NF-B activation (27) .
Although it is well-recognized that TNF inhibits adiponectin expression/activity at multiple levels (including transcriptional, posttranslational, and APN receptor level antagonisms (29) , (30)), the TNF receptor subtype responsible for TNF -mediated inhibition of adiponectin has never been previously investigated. In the current study, we demonstrate that expression/production of adiponectin, an anti-diabetic, vascular protective and cardiac protective adipokine, is inhibited by TNF via its type-1 receptor, but stimulated via its type-2 receptor. This result provides clear evidence that although adipocyte TNFR1 is expressed with 10-fold preponderance over TNFR2 (data not shown), and TNFR1 principally inhibits adiponectin expression/production (adiponectin expression/production is significantly increased in TNF −/− mice), TNFR1-dependent APN suppression remains under the yoke of TNFR2, which acts as a critical limiting factor.
We have obtained several lines of evidence supporting knockout of TNF receptor 1 exerts better protection than TNF deletion in promoting/preserving adiponectin expression/ production. Firstly, basal adipocyte adiponectin mRNA expression and plasma adiponectin levels were both significantly increased in TNFR1 −/− mice, but not in TNF −/− mice. Secondly, 3 days post-MI, adiponectin expression/production is better protected by TNFR1 deletion than TNF deletion. Thirdly, in TNF −/− mice, adiponectin expression/production remained stagnant 7 days post-MI, similar to levels observed 3 days post-MI, without significant difference between TNF −/− and WT mice at this time point. In contrast, in TNFR1 −/− mice, adiponectin expression/production continually recovers 7 days after MI, and plasma adiponectin levels are significantly greater than WT throughout this period. This result suggests that other cytokines capable of activating TNFR1 may play a significant role at a later time point after MI.
In summary, the current study provided direct evidence that TNF overproduction post-MI inhibits cardioprotective adiponectin expression/production via TNFR1 activation. In contrast, TNFR2 activation stimulates adiponectin expression/production in a cardioprotective manner. These experimental results suggest that selective, targeted inhibition of TNFR1 function may represent a new approach restoring adiponectin expression/production in patients with obesity/diabetes/MI, being potentially superior to strategies suppressing TNF activity in general. MI significantly increased plasma TNF (A), inhibited adipocyte adiponectin mRNA expression (B), and decreased plasma adiponectin levels (C). A significant negative correlation between plasma TNF and plasma adiponectin levels in MI animals was observed (D, n=17). N=6 for control group (no MI); N=6 for MI@3days; N=11 for MI@7 days (plasma TNF and adiponectin) or N=9 for MI@7 days (adipocyte APN mRNA). *P<0.05, **P<0.01 vs. sham MI control. Control concentrations of plasma TNF and adiponectin were measured in 6 sham MI animals and 17 MI animals prior to coronary artery occlusion. These data were not used in correlation analysis. (A) TNFR1 gene deletion significantly increased plasma adiponectin levels under basal control conditions, but TNFR2 gene deletion had no significant effect upon basal control adiponectin production. More importantly, TNFR1 gene deletion markedly attenuated, whereas TNFR2 gene deletion further exaggerated MI suppression of adiponectin production. (B) 3 days post-TNF administration, gene deletion of TNFR1 (increases) and TNFR2 (reduces) had opposite effects upon plasma adiponectin levels. N=6-11/group. *P<0.05, **P<0.01 vs. own sham MI control; $ P<0.05, $$ P<0.01 vs. WT at the same time point. Time course of adipocyte ATF3 mRNA expression after TNF injection in WT mice (A). Results were normalized against mean value of day 0. Effect of TNFR1 and TNFR2 knockout upon TNF -induced adipocyte ATF3 mRNA expression (B). Results were normalized against mean value of WT mice treated with vehicle. Effect of TNFR1 and TNFR2 knockout upon TNF -induced adipocyte ATF3 protein expression (C). Results were normalized against GAPDH. N=6-7 animals/group. **P<0.01 vs. vehicle group in the same strain; $ P<0.05, $$ P<0.01 vs. WT mouse treated with TNF .
